Smoke components can generate 1) oxidative stress; 2) complement activation; 3) endoplasmic reticulum stress; and 4) lipid dysregulation. Results: In smoke-exposed RPE cells all four measures were activated, and reversed by antioxidants and blocking alternative complement pathway signaling. Conclusion: Oxidative stress and complement act synergistically in age-related macular degeneration (AMD) pathogenesis. Significance: Identifying mechanisms of lipid deposition will aid to develop new therapeutic approaches for AMD.
the current literature, the following sequence is proposed: the trigger for pathophysiology is provided by chronic oxidative stress resulting in alterations in the target tissues (photoreceptors, RPE, BrM, and choriocapillaris); tissue damage leads to chronic inflammation, involving the innate immune system (e.g. the complement system); chronic inflammation subsequently leads to cellular damage in the target tissues, extracellular matrix modifications, and the accumulation of extracellular debris including lipids; finally leading to the development of drusen and pigmentary changes (early AMD) followed by the progression to geographic atrophy and/or choroidal neovascularization (late AMD) (9, 10) . According to this hypothesis, in the presence of complement abnormalities that lead to an overactive alternative pathway, the tissue effects of chronic inflammation are exacerbated.
The complement system is an evolutionary ancient part of the innate and adaptive immune system, and developed to participate in clearing pathogens and non-self cells from the organism. To execute this function, there are three initiation pathways (classical, lectin, and alternative) that all lead to a common terminal pathway via the generation of homologous complement C3 convertases (11) . Activation of the complement system results in the generation of three classes of effector molecules: the soluble anaphylatoxins C3a and C5a, which signal through their respective G-protein coupled receptors (C3aR and C5aR) and are involved in chemotaxis and mediating inflammatory responses; the cell-bound opsonins C3b, C3d, and iC3b, which are derived from C3 upon cleavage, and are involved in removal of pathogens and cells; and the terminal membrane attack complex, which forms a nonspecific pore in the cell membrane, and is involved in cell lysis. Self-cells are protected from complement activation by the expression of membrane-bound complement inhibitory molecules and soluble serum inhibitors that prevent self-cell complement-mediated injury. However, because the levels, as well as the cellular localization, of these inhibitors can be influenced by environmental factors such as oxidative stress (12) or cigarette smoke (13, 14) , self-cell surfaces can become targets of complement activation. For example, in AMD, changes in levels and localization of CFH and CD55 (15) , CD46 (16) , as well as CD59 (17) have been reported in RPE, BrM, and choroid, and have been associated with increased cellular deposition of complement C3 and membrane attack complex in tissue samples (4, 18) of patients.
Smoking has been recognized as the only modifiable risk factor for AMD. Smoking increases the risk for developing AMD (19) , and promotes the progression of AMD from the atrophic to the neovascular form (20, 21) ; smoking cessation on the other hand can reduce both disease risk and rate of progression (22) . Smoking is thought to contribute to disease mainly by generating oxidative stress in the target tissues by producing free radicals (23) and depleting the antioxidant system (reviewed in Ref. 24 ). However, important for this study, cigarette smoke has been shown to be able to directly activate C3 by modifying C3 in a way that reduces its ability to bind to CFH (25) , and serum levels of complement components are elevated in smokers (26) . Neufeld and colleagues (27) have shown complement activation in the RPE/choroid in mice exposed to long-term smoke inhalation, including the presence of the anaphylatoxin C3a and the deposition membrane attack complex. Our follow-up study, using the same long term smoke model and comparing effects in wild type mice and mice without a functional AP (complement factor B knock-out mice, CFB Ϫ/Ϫ ), showed clearly that ocular pathology generated by smoke exposure in mouse is dependent upon AP activation (28) .
The endoplasmic reticulum (ER) functions include the synthesis of secretory and membrane proteins, the production of lipids and sterols, and calcium homeostasis. Many different environmental and genetic factors can cause ER stress; relevant for this study, smoking, as well as complement activation, has been suggested as triggers. Acute and chronic smoke exposure can adversely affect protein synthesis (29) , lipid metabolism (30) , and calcium homeostasis (78) , resulting in ER stress. Specifically, smoking results in misfolding of nascent polypeptides in the ER as well as accumulation of protein aggregates; both of which trigger specific compensatory mechanisms to reduce or reverse the accumulation of unfolded proteins (unfolded protein response, UPR) (31), or removal of protein aggregates (autophagy) (32), respectively. Interestingly, in passive Heymann nephritis, a model of membranous nephropathy, membrane attack complex-induced podocyte injury has been found to be associated with and might be mediated by ER stress (summarized by Ref. 33 ). The UPR is a highly conserved response designed to relieve stress and restore ER homeostasis (34) . As a first line of defense, the UPR reduces overall protein synthesis while selectively increasing synthesis of proteins involved in folding. To reduce the amount of unfolded proteins or those that did not get modified properly, damaged proteins are routed into the proteasome or to the autophagosomes for degradation. Finally, the UPR can lead to the expansion of the ER size as well as its capacity. The UPR is monitored and mediated by three receptor systems localized in the ER membrane, PERK (eukaryotic translation initiation factor 2-␣ kinase 3), IRE1 (inositol requiring enzyme 1), and ATF6 (activating transcription factor 6) (for reviews see Refs. 29 and 35) ). All three sensors share the same entry molecule GRP78 (glucose-regulated protein of 78 kDa) on the ER luminal surface (36) , but trigger unique downstream events associated with unique marker genes. The relative contribution and the sequence of activation within the three pathways is cell-type and stress-dependent; which is analyzed typically by examining up-regulation of mRNA, splice variants, or protein expression of factors downstream of PERK, ATF6, and IRE1. Here we use GRP78, CHOP (to represent IRE1 activation), sXBP1 (to represent ATF6 activation), and eIF2␣ (to represent PERK involvement) as specific markers.
Lipid accumulation is one of the hallmarks of age-related macular degeneration, building up as extracellular lesions in BrM. The analysis of lipid composition in BrM has suggested that the lipoprotein particles are different from those found in plasma. They contain free and esterified cholesterol (37) , phosphatidylcholine, and apolipoprotein B100 (38) , and differ in composition such as their enrichment for esterified cholesterol and the percent phospholipid being comprised of phosphatidylcholine (39) . It is suggested that the lipoproteins in BrM may be derived in part from the photoreceptor outer segments, but are processed significantly by the RPE (40) . Relevant for this study, lipid accumulation has been associated with ER stress and the UPR. ER stress has been shown to activate transcription factors know as sterol regulatory element-binding proteins (SREBP), which increase the expression of proteins required for the biosynthesis and uptake of cholesterol and triglycerides. Although the mechanism of ER stress-mediated SREBP activation is unclear, players from the UPR including eIF2␣ and GRP78 have been implicated (reviewed in Ref. 41 ) and interestingly, sterol regulatory element-binding transcription factor 1 (SREBF-1) can be translated by an internal ribosome entry site (42) .
Given the aforementioned lines of evidence, we tested whether lipid accumulation in the RPE can be triggered by smoke exposure. More specifically, we asked whether lipid accumulation is dependent upon complement activation and ER stress. Furthermore, the presence of a feedback loop between complement and oxidative stress is explored. Finally, we tested the hypothesis that complement alternative pathway inhibition provides protection in cigarette smoke-induced oxidative and ER stress, and lipid accumulation.
EXPERIMENTAL PROCEDURES
Animals-CFB Ϫ/Ϫ mice on a C57BL/6J background were generously provided by V. Michael Holers (University of Colorado Health Science Center, Denver, CO) (43); C57BL/6J mice were purchased (Jackson Laboratory, Bar Harbor, ME). Animals were housed under a 12:12 h, light:dark cycle with access to food and water ad libitum. At 8 weeks of age male mice were divided into two groups (n ϭ 12 per group and genotype); with the control group remaining in a filtered air environment, the experimental groups being subjected to cigarette smoke. Cigarette smoke exposure was carried out (5 h per day, 5 days per week) by burning 3R4F reference cigarettes (University of Kentucky, Louisville, KY) using a smoking machine (model TE-10; Teague Enterprises) for 6 months. The average concentration of total suspended particulates was 130 mg/m 3 and was monitored twice daily. For more details, see Ref. 28 .
Reagents-The reagents used in these studies included pooled normal human serum (Quidel) as a source of complement proteins. To block the alternative pathway of complement activation, a targeted inhibitory protein (CR2-fH) was produced as previously described (44) . This agent targets the inhibitory domain of factor H to sites of C3d deposition and effectively blocks alternative pathway activation. To block anaphylatoxin C3a-receptor signaling, the experiments were performed in the presence and absence of a selective, high affinity, competitive C3a-receptor antagonist (Calbiochem; N 2 -[(2,2diphenylethoxy)acetyl]-L-arginine, TFA) following the manufacturer's recommended dose; to prevent oxidative stress, the antioxidant NAC (N-acetylcysteine; Sigma) was used. Antibodies specific for CHOP, GRP78, eIF2␣, and GAPDH were purchased from Cell Signaling Technology (Danvers, MA), XBP1 was from Santa Cruz (Dallas, TX); the antibody to determine C3d deposition was generated by us and used as described (45) .
Cell Culture System-Experiments were performed on ARPE-19 cells, a human RPE cell line that displays the differentiated phenotype of RPE cells, and forms a polarized monolayer on Transwell filters (Costar) (46) . To form monolayers, cells were expanded in DMEM:F-12 (Invitrogen) with 10% fetal bovine serum (FBS) and 1ϫ penicillin:streptomycin. After the cells reached confluence, they were grown in serum-reduced media until they reached stable barrier facilities, based on transepithelial resistance (TER) measurements. TER values reach a stable plateau of 40 -45 ⍀ cm 2 within 2-3 weeks after confluence (46) . FBS was removed completely for the final days prior to measurements, which does not alter survival or monolayer formation (47) , such that complement-sufficient normal human serum can be used as a source of complement. TER was determined by measuring the resistance across the monolayer with an EVOM volt-ohmmeter (World Precision Instruments) as described previously, subtracting the TER for filters without cells and then multiplying by the surface area of the filters.
Cigarette Smoke Extract (CSE)-Cigarette smoke extract was generated as described (48) ; by bubbling smoke from four 3R4F cigarettes (University of Kentucky) through 50 ml of media (DMEM:F-12 plus 1ϫ penicillin:streptomycin) using a Shapiro cigarette smoke machine (Washington University, St. Louis, MO). Media was sterile-filtered (0.22 m) and used immediately. CSE was diluted with fresh media to create 5, 10, and 20% final concentrations. Stable ARPE-19 cell monolayers were treated with CSE applied to the apical compartment as described under "Results." Treatment was performed apically, because we have shown previously that the apical side of ARPE-19 monolayers is more susceptible to oxidative stressmediated complement activation than the basal side (46) .
Immunocytochemistry-Intracellular CHOP, GRP78, and XBP1 in ARPE-19 cells was examined by immunofluorescence microscopy. Cells were grown on Transwell plates as described above. After specific treatments, cells were fixed in PBS containing 4% paraformaldehyde and nonspecific binding sites were blocked with 1% normal goat serum and 3% BSA in PBS (as a preabsorption buffer) for 2 h. The cells were incubated overnight at 4°C with primary antibody followed by incubation for 1 h at room temperature with FITC-conjugated secondary antibody (1:200; Zymed Laboratories Inc., Invitrogen). As a negative control, primary antibodies were omitted. Surface staining of C3d was examined as described (45) . The membranes were cut out of the wells, placed on a microscope slide, coverslipped with antifade, and imaged using confocal microscopy (Leica SP2).
Lipid Staining-Cells grown on Transwell plates or enucleated eyes from control and smoke-exposed mice were fixed in PBS containing 4% paraformaldehyde. Eyecups were cryoprotected in 30% sucrose in PBS, frozen in TissueTek O.C.T. (Fisher Scientific, Waltham, MA), and cut into 14-m cryostat sections. For general lipid staining, RPE monolayers and mouse ocular sections were stained with Nile Red (Sigma). Nile Red (stock solution: 0.5 mg/ml in acetone) was applied to sections in phosphate-buffered saline at 1.75 g/ml (49) . Neutral lipids were identified using HCS LipidTox (Invitrogen), according to the manufacturer's instructions. For the identification of unesterified and esterified cholesterol, monolayers were incubated with 250 g/ml of Filipin (stock solution: 2.5 mg/ml in N,Ndimethylformamide; Sigma); to identify the latter, monolayers were incubated with cholesterol esterase (30 g/ml; for 5 h at 37°C) to hydrolyze the esterified 3␤-hydroxy group of cholesterol to a fatty acid. Staining of monolayers were examined after membranes were cut out of the wells, placed on a microscope slide, coverslipped with antifade, and imaged using confocal miscroscopy (Nile Red) or fluorescence microscopy (Filipin). To quantify the lipid signal in Bruch's membrane, images were thresholded, binarized, and measured in ImageJ software.
ELISA for C3 and C3a Measurements-To measure release of C3 and production of C3a by the cells, cell culture supernatants were centrifuged at 20,000 ϫ g for 5 min. Microplates were coated with the respective C3 and C3a capture antibody (BD Bioscience) and 100 l of the supernatant was added. The captured proteins were detected with C3-or C3a-specific antibodies conjugated to horseradish peroxidase, followed by development with chromogenic substrate OPD (Sigma). Product development was assayed by measuring absorbance at 492 nm. Aliquots were assayed in duplicate, and values were compared with a C3 and anaphylatoxin dose-response curve.
Western Blot Analyses-Cell culture supernatants were separated by electrophoresis on a 10% BisTris polyacrylamide gel (Invitrogen), and proteins were transferred to a nitrocellulose membrane. The membrane was probed with polyclonal antibodies to GRP78, CHOP, XBP1, and GAPDH (loading control), and antibody binding was visualized using a chemiluminescence detection kit (Amersham Biosciences Life Science). Density of the bands was analyzed and normalized against GAPDH control using the Alpha Innotech Fluorchem 9900 imaging system while running Alpha Ease FC Software 3.3 (Alpha Innotech, San Leandro, CA).
Measurements of Oxidative Stress-Cells were analyzed for reactive oxygen species (ROS) production, using 2,7-dichlorofluorescein diacetate dye (DCFDA; Molecular Probes/Invitrogen) according to the manufacturer's protocol. In short, after treatment of monolayers on Transwell filters, cells were collected, stained with 20 mM DCFDA dye, washed, and analyzed using a spectrophotometer (excitation wavelength, 485 nm; emission wavelength, 535 nm). Lipid peroxidation was measured determining the production of malondialdehyde (MDA), a natural biproduct of lipid peroxidation. Cells were collected after the respective treatments and homogenized in MDA lysis buffer (Abcam). MDA present in the cells was reacted with thiobarbituric acid to generate the MDA-thiobarbituric acid adduct and quantified colorimetrically using a spectrophotometer ( ϭ 532 nm). Standard curves for both ROS and MDA measurements were prepared as recommended.
Reverse Transcription PCR-RPE/choroid/sclera fractions (henceforth referred to as RPE/choroid) were isolated from control and smoke-exposed animals and stored at Ϫ80°C until they were used. Cells were collected after treatment and stored at Ϫ80°C.
Quantitative RT-PCR analyses were performed as previously described in detail (50) . In short, real-time PCR analyses were performed in triplicate in a GeneAmp 5700 Sequence Detection System (Applied Biosystems) using standard cycling conditions. Quantitative values were obtained by the cycle number, normalizing genes of interest to ␤-actin, and determining the fold-difference between experimental and control samples. Fold difference values were compared using Z-test analyses, accepting a significance of p Ͻ 0.05. See Table 1 for a list of primers used.
Semi-quantitative RT-PCR was used to amplify the spliced and unspliced XBP1 mRNA. XBP1 primers were used as described by Samali et al. (51) and are listed in Table 1 . PCR products were electrophoresed on a 2.5% agarose gel. ␤-Actin was used as a loading control. The size difference between the spliced and unspliced XBP1 is 26 nucleotides.
Statistics-Data are expressed as mean Ϯ S.E. of the mean. Statview software was used for statistical analysis. The Fisher PLSD was used to compare trends over time. Comparison of two conditions was performed using the Student's t test.
RESULTS

Effects of Chronic Cigarette Smoke Exposure on ER Stress and
Lipid Homeostasis in Vivo-In a previous publication (28) we have shown that 6 months of smoke exposure impairs retinal function as determined by electroretinography and contrast sensitivity measurements in C57BL/6J mice. In these published studies, gene expression analyses on the RPE/choroid fraction indicated increased complement activation and oxidative stress, concomitant with reduced mitochondrial function and autophagy. RPE/BrM alterations were analyzed by electron microscopy, and demonstrated increased mitochondrial size, mislocalization within the RPE, and a thickening of BrM. These features are indicative of altered mitochondrial function and stress, as well as altered degradation of cellular components. Importantly, mice deficient in AP signaling (lacking CFB) were protected from these cigarette smoke inhalation-mediated alterations (28) .
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Chop, were elevated ϳ2.5and ϳ8.5-fold, respectively, in the RPE/choroid fraction of smoke-exposed C57BL/6J wild type mice, whereas in CFB Ϫ/Ϫ mice, expression of these markers was not significantly altered as compared with normal ( Fig. 1 ). Srebf-1, which can be up-regulated by UPR transcription factors and is indicative of altered cholesterol and fatty acid homeostasis, was also increased ϳ4.5-fold in the RPE/choroid fraction of smoke-exposed wild type mice, but not in CFB Ϫ/Ϫ mice ( Fig. 1) . A separate cohort of smoke-exposed and control C57BL/6J mice was analyzed for lipid deposition. Cross-sections were stained for lipids in RPE/choroid using Nile Red, Filipin staining (49) , as well as LipidTox. Nile Red is a general lipid dye that equally binds to free fatty acids, triglycerides, cholesterol, and to some degree phospholipids; LipidTox binds with high specificity to neutral lipids; whereas Filipin recognizes cholesterol. Esterified and unesterified cholesterols can be distinguished with Filipin after incubation with cholesterol esterase, which removes the ester moiety from cholesterol. Based on the outer segment composition, strong lipid staining could be observed in the outer segment layer for both Nile Red (data not shown) and LipidTox in both the control air-and smoke-exposed animals (Fig. 2, A and B) . Lipid droplets were found to be present distal to the RPE, a layer most likely representing the thickened Bruch's membrane in smoke-exposed, but not in control sections. Quantification of the lipid signal in Bruch's membrane (see Fig. 2, a and b , for examples of thresholded and binarized images) revealed that ϳ5-fold higher levels were present in retinal sections from smoke-exposed when compared with control mice (487 Ϯ 58 versus 100 Ϯ 11; n ϭ 3 per condition; p Ͻ 0.005). However, no staining could be obtained using the Filipin dye to identify either esterified or unesterified cholesterol (data not shown). This observation is consistent with data presented by Curcio and co-workers (52) , who have shown convincingly that whereas mice have the ability to generate lipids in the RPE, they fail to retain it in the ocular structures.
Cigarette Smoke-induced Lipid Deposition in Cultured RPE
Cells-To further examine the mechanism of smoke-induced ER stress and lipid homeostasis, ARPE-19 cell monolayers were exposed to FBS-free media bubbled with 5% cigarette smoke (CSE). Daily treatment with CSE for 5 days resulted in significant lipid deposition as visualized with Nile Red staining. Nile Red-positive staining was found inside the cells (Fig. 3B) , as well as on the Transwell plate itself (Fig. 3, b) , indicative of basolateral secretion of the lipids by the RPE cells. Similar staining was obtained using the neutral lipid stain LipidTox (data not shown). Because one of the main neutral lipids present in BrM is cholesterol, staining was repeated using Filipin. Filipinpositive material could be documented on smoke-exposed ARPE-19 cells both before and after esterase treatment (Fig. 3 , D and E). This level of lipid deposition had no effect on barrier function of the monolayer, as measured by TER (data not shown), although mRNA for the tight-junction protein ZO-1 was slightly, but significantly increased (Fig. 7A) .
Smoke Exposure Induces Oxidative Stress in RPE Cells-One of the main effects of smoke exposure is considered to be the induction of oxidative stress, leading to free-radical production (23) and a depletion of the antioxidant system (reviewed in Ref. 24 ). Here we confirmed that 2 h of CSE exposure resulted in a rapid increase in the amount of ROS measurable using 2,7dichlorofluorescein diacetate (Fig. 4A) ; levels were still elevated by 24 h after CSE exposure. ROS have been shown to degrade polyunsaturated lipids, forming malondialdehyde. Reactive oxygen species can initiate lipid peroxidation or the oxidative degradation of lipids. Here we documented lipid peroxidation by measuring the formation of MDA 2 h after CSE, a natural side product of this process. CSE resulted in an ϳ8-fold increase in MDA when compared with control media (Fig. 4B) .
Cigarette Smoke-induced Complement Activation in RPE Cells-Cigarette smoke has been shown previously to directly activate C3, leading to activation of the AP, by modifying C3 in a way that reduces its ability to bind to CFH (25) . In support of FIGURE 1. Gene expression changes in ocular tissues between WT and CFB ؊/؊ mice following CSE. Analysis of marker gene expression in WT and CFB Ϫ/Ϫ mice, using quantitative RT-PCR on cDNA generated from a RPE/choroid/sclera fraction. Quantitative values were obtained by cycle number (C t value), determining the difference between the mean experimental and control (␤-actin) ⌬C t values for smoke versus room air-exposed mice within each genotype (fold-difference). Candidates were examined from two categories, ER stress (Grp78 and Chop) and lipid metabolism (Srebf-1). Significant changes were identified in all three genes for C57BL/6J mice, whereas gene expression was minimally affected in CFB Ϫ/Ϫ animals. Data are expressed as mean Ϯ S.E. (n ϭ 3 per condition, *, p Ͻ 0.05). FIGURE 2. Lipid deposition in eyes exposed to smoke. Localization of neutral lipids was identified using LipidTox staining, comparing C57BL/6J mice exposed to room air (A) or smoke (B). Lipid particles were seen in Bruch's membrane (BrM) and the basal side of the RPE in smoke-exposed mice when compared with controls. Insets highlight RPE/BrM and corresponding binarized images from control and smoke-exposed eyes (a and b). Abbreviations: RPE, retinal pigment epithelium; OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; RGC, retinal ganglion cell layer.
this finding, in lung epithelial cells, exposure of 10% serum and CSE resulted in complement activation as evidenced by the generation of C4a, C3a, and C5a (53) . If the AP were to be activated in this process, the cleavage of C3 into C3a and C3b exposes a highly reactive thiol ester bond on C3b, which allows it to react with and deposit onto membranes. The membrane association of C3b can trigger the AP pathway; yet upon inactivation of C3b by factor I, cofactor and CR1 activity will produce C3d. The same authors demonstrated that exposure of cells to CSE and serum resulted in C3d deposition as demonstrated by immunostaining (53) .
Because the RPE in vivo exhibits complement activation products after CSE (27) , and has been documented to express many complement components (18), we asked whether monolayers stimulated with CSE secrete their own complement C3. Measurement of supernatants from ARPE-19 cells stimulated with CSE for 4 and 24 h demonstrated a significant increase in C3 secretion into both the basal and apical supernatant (Fig.  5A ). Furthermore, quantitative RT-PCR analysis showed increased C3 mRNA levels at 24 h post-CSE exposure (Fig. 5C ), suggesting that CSE induces C3 transcription. In addition, measurements of C3a revealed that short term CSE resulted in the generation of biologically active anaphylatoxin C3a (Fig.  5B ). However, whereas C3 was secreted equally toward both sides, generation of anaphylatoxin was limited to the apical compartment, an expected finding, because CSE was only applied to the apical side and therefore components within the smoke extract presumably directly modified and activated C3. Hence all additional experiments measuring complement activation were limited to the analysis of apical supernatants. Overall, CSE for 4 h resulted in the release of ϳ13 ng/ml of C3, of which ϳ5% became cleaved to generate C3a (ϳ0.7 ng/ml). Finally, CSE resulted in significant complement C3d deposition on the apical surface of ARPE-19 cell monolayer as shown by immunocytochemistry as early as 2 h after CSE exposure (data not shown), lasting for at least 24 h (Fig. 6) .
Effects of Cigarette Smoke Exposure on ER Stress and Lipid Homeostasis in RPE Cells-To examine whether CSE triggers
ER stress in RPE monolayers, cells were examined for ER stress and lipid homeostasis by quantitative RT-PCR 24 h after the exposure to CSE. ER stress markers, GRP78 and CHOP, were elevated ϳ3and ϳ13-fold, respectively; SREBF-1 was also increased ϳ3-fold ( Fig. 7A) . Interestingly, these fold-differences were similar to those identified in vivo within the mouse RPE (Fig. 1) . Analysis of XBP1 activation requires monitoring of the production of the spliced version by regular PCR. Exposure to CSE resulted in the formation of the spliced XBP1 (sXBP1), similar to that generated by tunicamycin, a known ER stress inducer (Fig. 7B) . GRP78, CHOP, and XBP1 are not only elevated at the mRNA level, but protein expression is significantly FIGURE 3 . Lipid deposition in ARPE-19 cell monolayers exposed to smoke. Localization of lipids was identified using Nile Red (A, B, and F-I), and unesterified (C and D) and esterified cholesterol (E) was characterized, comparing cells exposed to control media (A and C) or smoke (B and D-G). Nile Red-positive lipid particles were seen in RPE cells after smoke exposure (B) when compared with controls (A). Lipid deposits could also be detected on the filters of the Transwell plates after cells were completely detached, confirming basolateral release of lipids from these cells (b, inset). Lipid particles contained both unesterified (D) and esterified cholesterol (E). Nile Red-positive lipid particles were eliminated in cells pretreated with the alternative pathway inhibitor CR2-fH (F) or specific C3a-receptor antagonist (G) for 1 h prior to smoke exposure. Monolayers treated daily with tunicamycin to induce ER stress were found to stain strongly for Nile Red-positive lipids (H); levels that did not change after pretreatment with CR2-fH (I). FIGURE 4. Oxidative stress in ARPE-19 cells exposed to smoke. Cells were grown into mature monolayers, exposed to CSE, and collected for analysis after 2 or 24 h. Some wells were pretreated with CR2-fH or C3areceptor antagonist for 1 h. A, ROS were determined using DCFDA. Levels were elevated by CSE after 2 or 24 h and reduced after complement inhibition. B, oxidative degradation of lipids was determined by examining lipid peroxidation by measuring the formation of MDA, a natural side product of this process. After 2 h, levels were elevated by CSE and reduced after complement inhibition. Data are expressed as mean Ϯ S.E. (n ϭ 3 per condition, *, p Ͻ 0.05). MAY 23, 2014 • VOLUME 289 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 14539 increased (Fig. 8, A and B) , and can be visualized in the ER by confocal microscopy, using antibodies specific for GRP78, CHOP, and XBP1 ( Fig. 9 ). Finally, eIF2␣ activation, which requires phosphorylation, was increased after CSE (Fig. 8, A  and B) .
Complement-mediated Lipid Accumulation and Smoking
Effects of Complement Inhibition on CSE-induced Pathology-Because cigarette smoke has been shown to be able to directly activate C3 by modifying C3 in a way that reduces its ability to bind to CFH (25) , activating the alternative pathway, the contribution of the AP to anaphylatoxin production, oxidative stress, ER stress, and lipid deposition was investigated. Pre-treatment with specific antagonist for the C3a-receptor or an inhibitor for the AP pathway (CR2-fH) would be expected to ameliorate pathology. Prior to the exposure with 5% CSE, cells were pretreated for 1 h with either C3aR antagonist, or the AP pathway inhibitor CR2-fH.
Treatment of monolayers with CR2-fH or C3a-receptor blockers completely prevented the CSE-stimulated release of C3 into the apical media, prevented the accumulation of the anaphylatoxin C3a as well as the increase in C3 mRNA (Fig. 5 , A-C). Likewise, ROS and lipid peroxidation were found to be completely inhibited in the presence of complement inhibition at 2 h or significantly reduced at 24 h post-CSE (Fig. 4, A and B) . CR2-fH and anaphylatoxin-receptor antagonist prevented the increase in markers for ER stress and lipid metabolism at both the mRNA and protein level ( Figs. 7A and 8, A and B) . Finally, cells pre-treated with CR2-fH had negligible lipid deposition as documented by Nile Red staining; likewise C3a-receptor antagonism effectively blocked lipid deposition (Fig. 3, F and G) . Treatment with the inhibitors alone in the absence of CSE had no effect (data not shown).
Relationship between Complement Activation, Oxidative Stress, ER Stress, and Lipid Deposition-The main findings thus far are as follows: short term CSE resulted in the production and release of complement C3, the generation of the anaphylatoxin C3a, and AP activation; short term CSE triggered oxidative as well as ER stress; long term exposure resulted in lipid accumulation; and finally, all these readouts could be reduced by blocking anaphylatoxin receptor and AP signaling. Next, we aimed to establish the relationship between complement activation, oxidative, and ER stress as well as lipid deposition.
To determine whether CSE results in complement-mediated ER stress, experiments were repeated in the presence of C3areceptor inhibition or by blocking the AP pathway using CR2-fH. ER stress and lipid homeostasis markers GRP78, CHOP, and SREBF-1 mRNA levels were found to be significantly reduced by pretreatment with either complement inhibitor FIGURE 5 . Complement activation in ARPE-19 cells exposed to smoke. Cells were grown into mature monolayers, exchanged to serum-free media 24 h prior to the experiment, exposed to CSE in serum-free media, and collected for ELISA analysis after 4 h, or quantitative RT-PCR after 24 h. A and B, ELISA was performed, using plates coated with C3-or C3a-specific capture antibodies. Some wells were pretreated with CR2-fH, C3a-receptor antagonist, or antioxidant (NAC) for 1 h. To determine polarity of C3 (A) and C3a production (B), apical and basal supernatants were collected after CSE. C3 secretion was increased toward both sides; C3a production was limited to the side of CSE. Levels of apical C3 and C3a were elevated by CSE and reduced after application of inhibitors. C, C3a mRNA levels were elevated by CSE and reduced after application of inhibitors. Data are expressed as mean Ϯ S.E. (n ϭ 3 per condition, *, p Ͻ 0.05); n.d., not determined. FIGURE 6. Complement deposition in ARPE-19 cells exposed to smoke. Cells were grown into mature monolayers, exchanged to serum-free media 24 h prior to the experiment, exposed to CSE in serum-free media, and fixed in 4% paraformaldehyde after 2 or 24 h. Immunocytochemistry was performed using a well characterized mouse monoclonal antibody that recognizes human C3d on control (B) and CSE cells (D) at 24 h. A mouse monoclonal antibody against nitrophenol was used as control (A and C).
( Fig. 7A) . Likewise, protein levels for GRP78, CHOP, and XBP1, as well as, for phosphorylated eIF2␣ were significantly decreased (Fig. 8, A and B) .
To determine whether CSE results in long term oxidative stress, or whether CSE-mediated complement activation provides a feedback loop as suggested in the literature (9), ROS and lipid peroxidation measurements were repeated in the presence of complement inhibition (Fig. 4, A and B) . ROS and lipid peroxidation were found to be completely inhibited in the presence of complement inhibition at 2 h and significantly reduced at 24 h post-CSE exposure, supporting the notion that persistent inflammation causes oxidative stress (9) . Pretreatment of cells with of NAC, an antioxidant amino acid derivative, for 1 h prior to CSE prevented the increase in ER-stress marker gene expression (GRP78 and CHOP) at 24 h (Fig. 7C) . Likewise, it prevented the increase of C3 protein secretion and gene transcription as marked by mRNA expression (Fig. 5, A and C) .
To determine whether long term ER stress can trigger complement activation, cells were treated daily with tunicamycin, which resulted in lipid deposition similar to that generated by CSE (Fig. 3H ). However, pretreatment with CR2-fH, which completely eliminated CSE-mediated lipid deposition, had no effect on tunicamycin-mediated lipid deposition (Fig. 3I) . Hence a feedback from ER stress to complement activation does not appear to exist in these cells.
DISCUSSION
The main results of the current study were as follows: 1) C57BL/6J mice exposed to long term smoke inhalation exhibited signs of ER stress (UPR) and lipid dysregulation based on gene expression profiles; 2) the same genes were altered after CSE treatment of RPE monolayers in culture; 3) CSE triggered the production and release of C3 from RPE cells, which led to the activation of the AP and subsequent production of C3a involving an anaphylatoxin-receptor-dependent autocrine feedback loop; 4) CSE-mediated complement activation resulted in oxidative and ER stress; 5) oxidative stress and complement activation are linked through a feedback loop; 6) long term CSE resulted in lipid accumulation both in vivo and in vitro; 7) lipid accumulation and secretion in vitro was found to be complement-dependent; 8) which together supports the following pathway: smoke-mediated activation of AP signaling, resulting in oxidative stress, followed by ER stress, and leading to lipid deposition (Fig. 10) .
Risk factors for AMD include age, smoking, as well as an overactive complement system due to SNPs in complement regulatory proteins or complement activators. Aging may contribute to disease pathogenesis in part by affecting mitochondrial metabolism. Mitochondrial DNA mutations and respiratory chain dysfunction have been shown to accompany normal aging, impairing cellular homeostasis. Smoking is thought to generate oxidative stress, and although the RPE has available FIGURE 7 . Gene expression changes related to ER stress and lipid metabolism in ARPE-19 cells exposed to smoke. Analysis of marker gene expression using quantitative RT-PCR (A and C) or regular PCR (B) on cDNA generated from ARPE-19. Some wells had been pretreated with CR2-fH or C3a-receptor antagonist for 1 h prior to smoke exposure. A, quantitative RT-PCR for ER stress (GRP78 and CHOP) and lipid metabolism (SREBF-1) markers were performed and quantified as described in the legend for Fig. 1 . Significant changes were identified in all three genes for cells exposed to smoke; mRNA levels were reduced after complement inhibition. B, XBP1 gets spliced in response to ER stress, reducing the mRNA product tested here from 289 to 263 base pairs (bp). Smoke exposure increased XBP1 splicing; tunicamycin was used as a positive control. C, quantitative RT-PCR for ER stress markers (GRP78 and CHOP) was performed on cells exposed to smoke, or CSE and pretreatment with the antioxidant NAC. Significant changes were identified in all three genes for cells exposed to smoke; mRNA levels were reduced after NAC treatment. Data are expressed as mean Ϯ S.E. (n ϭ 3 per condition, *, p Ͻ 0.05).
effective defenses against oxidative damage, such as high amounts of antioxidants (54), the aged RPE loses that capability (55, 56) . Finally, an overactive complement system, possibly due to the loss of membrane-bound and soluble inhibitors available to the RPE (15) (16) (17) can lead to formation of immune deposits on the RPE (57) and drusen as well as damage of or alterations in RPE cells (46, 58) , which together can lead to a breakdown of the blood retina barrier, choroidal neovascularization, and vision loss (reviewed in Ref. 59 ). Here we provide evidence that smoking triggers complement activation on the surface of RPE cells, leading to ER stress and lipid dysregulation.
Smoke exposure in a mouse model has been shown to lead to pathological changes in BrM (60) , complement activation at the level of the RPE-choroid (27) , with pathology being dependent upon the activation of the AP (28) . In primary human RPE cells, previous work has shown that exposure to CSE in serum-free media resulted in lipid peroxidation, senescent changes, and alterations in extracellular matrix after 72 h (61) . Although the authors did not examine the underlying mechanism that triggered these changes, the focus of the discussion was primarily on oxidative stress. In subconfluent ARPE-19 cells, benzo-(a)pyrene, a toxic element present in cigarette smoke, was shown to result in mitochondrial DNA damage, and increased lysosomal and exocytotic activity. Interestingly, mRNA levels for CFH, C3, CFB, and CD59 were increased under those conditions (27) . Finally, exposure of subconfluent RPE cells to CSE or hydroquinone, another toxic component of cigarette smoke, among other effects, induced expression of VEGF, as well as FIGURE 8 . Protein expression changes related to ER stress in ARPE-19 cells exposed to smoke. Monolayers were treated as for Fig. 7 , but examined by Western blotting (A), and protein levels were quantified (B). Protein levels for GRP78, CHOP, and XBP1 were elevated after smoke exposure or tunicamycin (TM) treatment (positive control). Phosphorylation of the ␤-subunit of the transcription factor eIF2, which is part of the cellular ER stress response, was significantly increased after smoke exposure. Pretreatment with CR2-fH or C3a-receptor antagonist prevented the increase in GRP78, CHOP, and XBP1 expression and returned the levels of phosphorylated eIF2␣ to baseline levels. Tunicamycin (TM) was used as a positive control. Data are expressed as mean Ϯ S.E. (n ϭ 3 per condition, *, p Ͻ 0.05). FIGURE 9. Immunocytochemical analysis of ER stress in ARPE-19 cells exposed to smoke. Cells were grown into mature monolayers, exchanged to serum-free media 24 h prior to the experiment, exposed to CSE in serum-free media, and fixed in 4% paraformaldehyde after 24 h. Immunocytochemistry was performed using ER stress markers on control (A) and CSE cells (B-D) and imaged by confocal microscopy (Leica SP2). CHOP (B)-, GRP78 (C)-, and XBP1 (D)-positive staining could be identified in CSE cells; control cells were found to be negative (only staining for CHOP is shown for control cells).
indicators of redox imbalance in serum-free media after 24 h (62). Dysregulation of the complement system in mouse on the other hand has been associated with changes in retinal structure and function (63, 64) , alterations in retinal perfusion (65); but no data are available on UPR or lipid dysregulation in that context. Complement activation on RPE cells has been shown to lead to VEGF secretion followed by loss of barrier function (46, 66) as well as secretion and activation of membrane metalloproteinases (58) . Here we extended the analysis on complement-mediated effects in RPE cells by demonstrating that CSE resulted in the activation of the complement system on the surface of RPE cells (C3d deposition), generation and release of complement C3 concomitant with the generation of C3a, followed by activation of the AP amplification loop. Complement activation, presumably via C3a-receptor signaling, resulted in ER stress and the UPR, leading to lipid accumulation and secretion. All UPR measures, as well as lipid accumulation and oxidative stress, were significantly reduced by blocking anaphylatoxin receptor signaling, or the AP amplification loop.
ER stress and the UPR have been examined in the context of retinal degeneration, in particular with regards to misfolded proteins in photoreceptors and the RPE (reviewed by Ref. 67); and hence therapeutic approaches have included the search for small molecular chaperones to promote protein folding (reviewed by Ref. 35) . A recent review article focused on the role of ER stress in AMD and its potential for triggering choroidal neovascularization (68), as AMD risk factors, such as oxidative, proteotoxic, and metabolic stress as well as the presence of cytokines can trigger ER stress and the UPR; and VEGF production in human RPR cells has been shown to be activated by ATF4 (69), one of the transcription factors produced by the UPR. However, whereas a link has been presented between the UPR and complement activation in kidney disease (33) , similar evidence is missing in AMD. Our data provide a clear and novel link between CSE-mediated complement activation and the UPR, leading to lipid accumulation.
Regions of the aging or pathological eye that exhibit lipid accumulation include BrM (49) and the RPE (70); yet the origin of the lipids in drusen, oil droplets, and BrM deposits is not entirely clear. As the two main lipid components in these structures are esterified cholesterol and phosphatidylcholine (38, 49) , the lipid composition of BrM appears to be more similar to that of plasma than of photoreceptors (71) . Hence, because photoreceptor outer segments, the main cargo to be recycled or removed by the RPE, are rich in docosahexaenoic acid, there would be a need for additional processing steps within the RPE to convert the fatty acids into neutral lipids (40) . Alternatively, cholesterol from other sources might contribute to the lipids contained in the lipoprotein particles secreted by the RPE (40) .
Here we provide data that suggests that cholesterol uptake regulated via the transcription factors SREBF-1, and triggered by complement activation, might be involved in lipid dysregulation in the RPE. Interestingly, similar to the work reported here, Johnson and co-workers (72) showed that primary RPE cells grown in long term cultures accumulate sub-RPE deposits rich in apolipoprotein E. Taken together, whereas the data in the literature as well as our data do not provide clear evidence that the lipid deposits are derived from reprocessed serum lipids rather than from RPE plasma membrane, these cumulative data clearly support the hypothesis that photoreceptor phagocytosis is not required. We hope to determine the source of lipids in future studies.
Here we demonstrated complement-mediated effects that require signaling via the anaphylatoxin C3a-receptor. C3a is generated by the C3 convertases, and is inactivated by the removal of the C-terminal arginine amino acid, producing C3a desArg. In both mouse and human there is a single receptor for C3a (C3a-receptor), which can also serve to mediate signaling for C3a desArg. Ligand binding and signaling by the C3a-receptor has been well characterized, a process that involves pertussis toxin-sensitive G␣ i signaling (73) . Receptor signaling through the anaphylatoxin receptors can result in changes in intracellular signaling calcium levels, trigger prolonged activation of protein phosphorylation such as ERK1/2 and Akt, and may also involve arrestin binding to the phosphorylated receptor. Importantly, C3a-receptors are expressed by the RPE (18). Here we observed both the generation of C3a by CSE, as well as C3a-receptor engagement. The commercially available C3a-receptor antagonist was found to reduce oxidative and ER stress as well as lipid accumulation. In addition, we observed that either blocking the AP, or C3a-receptor inhibition prevented the CSE-induced C3 production and release and concomitant anaphylatoxin production. Similar results were reported in human macrophages, in which C3 secretion was found to be triggered by application of C3a, an effect that was enhanced by co-administering oxidized LDL (74) . Other pathways for control of C3 expression and secretion have been reported, including cytokine signaling (75) (76) (77) . It will be of interest to examine the potential synergistic effects of CSE and cytokine stimulation.
As indicated above, the hypothesis of oxidative/inflammatory stress-mediated AMD included a feedback loop between chronic oxidative stress and chronic inflammation or complement activation (4) . However, in RPE tissue, this feedback loop has not yet been investigated. Here we have shown that CSE results in both oxidative stress and complement activation. Blocking complement activation was found to eliminate oxidative stress and, vice versa, blocking oxidative stress prevented C3 production and release, the prerequisite for complement activation on the cell surface and anaphylatoxin production and Smoke exposure activates C3, triggering the activation of the AP. AP of complement activation results in the generation of anaphylatoxins C3a, which trigger anaphylatoxin-receptor-dependent ER stress. Complement activation, however, also generates oxidative stress and increases C3 release, thereby amplifying the response to smoke exposure. ER stress finally leads to lipid deposition, one of the known hallmarks of AMD. Thus, it is expected that complement inhibition in early AMD results in a reduction in lipid production and deposition in RPE and Bruch's membrane.
signaling. Finally, a similar loop has not yet been characterized in any other tissue or cell type.
Taken together, there is growing evidence linking oxidative stress, smoking, ER stress, lipid dysfunction, as well as complement activation to the development and progression of AMD. The data presented here show that cigarette smoke exposure in RPE cells leads to ER stress and lipid accumulation, and provide the first direct evidence that the AP of complement is required for these alterations to occur. In addition, we provide the first experimental evidence of the postulated feedback loop between oxidative stress and complement. Although we have shown that oxidative stress renders cells susceptible to complement activation (46), here we have provided evidence that blocking oxidative stress reduces local complement production and activation. Finally, our data suggest that lipid dysregulation in AMD may be amenable to anti-complement-based therapies.
